Evidence supporting the postulated role of a Wnt ligand in the establishment of planar cell polarity has been elusive, but recent studies show that the movement of epithelial cells during vertebrate gastrulation or Drosophila dorsal closure depends on both a Wnt ligand and the planar cell polarity pathway.
Planar cell polarity is the process whereby cells within an epithelium orient themselves relative to the body axes (reviewed in [1] ). In Drosophila, the classic example of planar cell polarity involves the proximal-distal orientation of the actin-based wing hairs, which project in a coordinated fashion from the distal-most vertex of each cell ( Figure 1a ). To date, about a dozen proteins that participate in the establishment of planar cell polarity in Drosophila have been identified through genetic screens. Of these, Frizzled and Dishevelled are known to function as part of the Wingless/Wnt signaling pathway (Figure 1b) . More downstream components of the Wingless/Wnt signaling pathway, such as Zeste-white 3 (the Drosophila homolog of the vertebrate enzyme glycogen synthase kinase 3β), Armadillo, and dTCF, do not appear to be involved in the establishment of planar cell polarity [2, 3] . Instead, the Jun N-terminal kinase (JNK) signaling cascade seems to function downstream of Frizzled and Dishevelled to specify planar cell polarity (reviewed in [4] ).
The role of Wingless/Wnt signaling in regulating cell asymmetries is not limited to Drosophila. Many of the upstream components of the Wnt signaling pathway in the nematode Caenorhabditis elegans, such as the frizzled homolog mom-5, are required to orient the mitotic spindles of early embryonic cells, whereas wrm-1 and pop-1, which encode homologs of the downstream components Armadillo and TCF, respectively, are not [5] . Presumably, such regulation occurs at the level of the cytoskeleton, as gene transcription is not required to orient the spindle [5] . The requirement for Frizzled in the generation of planar cell polarity hints at a role for a Wingless/Wnt ligand, but direct evidence for this has been either elusive or ambiguous in both Drosophila and C. elegans.
Dishevelled proteins from various phyla have three conserved domains which play distinct roles in canonical Wingless/Wnt signaling and planar cell polarity (Figure 1b) . Two of the domains, the DIX and PDZ domains, are required for Wingless/Wnt signaling, whereas the DEP domain is dispensable (reviewed in [1] ). In contrast, characterization of the dsh 1 mutation, which causes a planar-cell-polarity-specific phenotype, identified a single amino-acid substitution in the DEP domain [2, 3] . This alteration compromises Dishevelled's ability to activate the JNK signaling cascade [2] as well as coordinate planar cell polarity [2, 3] . Therefore, the DEP domain is not required for Wingless/Wnt signaling, yet it is absolutely required to establish planar cell polarity. Together, these data suggest that Dishevelled functions as a binary switch, deciding whether to activate the canonical Wingless/Wnt signaling pathway or the JNK signaling pathway.
Given the roles of Frizzled and Dishevelled in establishing cell polarity in flies and worms, as well as the highly conserved nature of this signal transduction pathway between phyla, many of us have been eagerly awaiting a demonstration that the Wingless/Wnt signaling pathway regulates planar cell polarity in vertebrates. Using two model systems and a variety of experimental approaches, three recent papers have provided just such evidence [6] [7] [8] . Together, these papers demonstrate that Wnt signaling, acting through Dishevelled, affects planar cell polarity during gastrulation.
In a genetic screen for mutations that influence forebrain patterning in zebrafish, Heisenberg et al. [9] identified the silberblick mutation. During normal gastrulation, lateral cells migrate towards the midline, intercalating between one another and thus lengthening the embryo along the anterior-posterior axis (Figure 1c ). In the silberblick mutant, such convergent extension fails to occur [6] .
When genetic mapping revealed that silberblick mapped near wnt11, it became the obvious candidate locus of the mutation as earlier work from the Moon lab had demonstrated that ectopic expression of Wnts could affect convergent extension movements during Xenopus gastrulation (for example, see [10, 11] ). Characterization of two different silberblick alleles identified two independent nonsense mutations in wnt11, while determination of silberblick expression in paraxial head mesoderm and neurectoderm, two tissues that participate in the gastrulation movements in question, substantiated the connection [6] .
Heisenberg et al. [6] next probed the signal transduction pathway that coordinates convergent extension. They could not test the canonical Wnt signaling pathway, as perturbations of β-catenin or TCF profoundly affect the dorsal-ventral axis prior to gastrulation. Previous work suggested that Dishevelled regulates gastrulation [12] , so Heisenberg et al. [6] took advantage of work on Drosophila Dishevelled [3] to create a mutant form of the Dishevelled protein predicted to block canonical Wnt signaling but not planar cell polarity. When overexpressed, this construct rescued silberblick-associated convergent extension defects. In contrast, misexpression in wild-type embryos of a dominant-negative form of Dishevelled thought to selectively block its planar-cell-polarity function mimicked the silberblick phenotype, consistent with a requirement for planar cell polarity signaling in convergent extension.
In a complementary study, Wallingford et al. [7] examined the mechanism whereby Dishevelled influences gastrulation in Xenopus. Cells that are undergoing convergent extension polarize their actin cytoskeletons, such that lamellipodia predominantly extend along the medial-lateral axis and then become stabilized [13] . Wallingford et al. [7] found that Xenopus embryos expressing a dominant-negative form of Dishevelled still extend lamellipodia, yet these structures fail to be stabilized and their medial-lateral bias is lost. In contrast, over-expression of wild-type Dishevelled had no effect on lamellipodial stabilization but did abolish the medial-lateral bias.
By using a series of Dishevelled mutants, as well as blocking the canonical Wnt pathway with a dominantnegative form of glycogen synthase kinase 3β, Wallingford et al. [7] demonstrated a specific requirement for the planar-cell-polarity pathway in convergent extension. Finally, these authors overexpressed Dishevelled linked to the green fluorescent protein (GFP) to examine the localization of Dishevelled in cells undergoing convergent extension. Building on previous work [3] , they demonstrate that Dishevelled is diffusely cytoplasmic in cells that are not undergoing convergent extension, but as convergent extension proceeds, Dishevelled is recruited to the plasma membrane.
Tada and Smith [8] also examined convergent extension in
Xenopus, but they approached the subject by a different [6] , Wallingford et al. [7] and Tada and Smith [8] has shown that the regulation of convergent extension depends on the planar-cell polarity pathway downstream of the DEP domain of Dishevelled (see text for details).
route. They identified wnt11 as a target gene of the mesodermal transcription factor Brachyury, a known regulator of convergent extension that functions downstream of Activin, a cell-cell signalling protein of the transforming growth factor β (TGF-β) family. They found that a dominant-negative form of XWnt11 blocks convergent extension both in embryos and in Activin-treated explants. Using a series of dominant-negative and partially functional Dishevelled constructs, they also demonstrated that Dishevelled functions to promote convergent extension.
These new papers represent a major advance in our understanding of the Wingless/Wnt signaling nexus. They expand the scope of events in which the planar-cell-polarity pathway participates by demonstrating that the convergent extension movements that accompany gastrulation depend on the DEP domain of Dishevelled. Furthermore, they show that the establishment of planar cell polarity in vertebrates depends on Wnt signaling. These data, in conjunction with previous data in Drosophila and cultured mammalian cells, are consistent with a model whereby Dishevelled acts as a 'decision maker' mediating the activation of either the canonical Armadillo/TCF pathway or the planar-cell-polarity pathway, which in Drosophila has been shown to involve the JNK signaling cascade.
The JNK and Wingless signaling pathways were previously thought to act in distinct processes, but the reality may be more complex. McEwen et al. [14] recently identified an unexpected connection between JNK and Wingless signaling in Drosophila. JNK signaling is well known for its role in dorsal closure in Drosophila (reviewed in [4] ), a dramatic morphogenetic event in which epithelial sheets undergo coordinated migration toward the dorsal midline. In doing so, the JNK pathway is thought to influence the cytoskeleton, perhaps via Rac and Rho, as well as modulating gene expression. One target gene of the JNK pathway is decapentaplegic, which encodes a TGF-β family member thought to act as a secondary signal to more lateral cells. McEwen et al. [14] demonstrated that Wingless also plays a role in dorsal closure. They found that wingless mutants fail to express decapentaplegic and lack the coordinated cell shape changes that normally accompany dorsal closure. Surprisingly, mutations that affect dishevelled, armadillo or dTCF also block decapentaplegic expression.
At the very least, these data suggest that the canonical Wingless and JNK signaling pathways operate in parallel to influence the morphogenetic movements that direct dorsal closure. One speculative possibility is that Wingless signaling, via Dishevelled, can trigger both pathways simultaneously. Together with the observations outlined above, these data raise the possibility that Wingless/Wnt signaling influences a broader set of cellular events by modulating cell shape changes and cell migration in a variety of contexts. Consistent with this, Wnt pathway mutants also affect cell migration in C. elegans [15] . These new results move an already complex field in a new direction, and promise further revelations to come.
